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Background: Nephronophthisis (NPHP), which affects multiple organs, is a hereditary cystic 

kidney disease (CKD), characterized by interstitial fibrosis and numerous fluid-filled cysts in the 

kidneys. It is caused by mutations in NPHP genes, which encode for ciliary proteins known as 

nephrocystins. The disorder affects many people across the world and leads to end-stage renal 

disease. The aim of this study was to determine if the genetic background of the nonmutant 

female Piebald-Virol-Glaxo (PVG/Seac-/-) rat influences phenotypic inheritance of NPHP from 

mutant male Lewis polycystic kidney rats.

Methods: Mating experiments were performed between mutant Lewis polycystic kidney 

male rats with CKD and nonmutant PVG and Wistar Kyoto female rats without cystic kidney 

disease to raise second filial and backcross 1 progeny, respectively. Rats that developed cystic 

kidneys were identified. Systolic blood pressure was determined in each rat at 12 weeks of age 

using the tail and cuff method. After euthanasia, blood samples were collected and chemistry 

was determined. Histological examination of the kidneys, pancreas, and liver of rats with and 

without cystic kidney disease was performed.

Results: It was established that the genetic background of nonmutant female PVG rats did not 

influence the phenotypic inheritance of the CKD from mutant male Lewis polycystic kidney 

rats. The disease arose as a result of a recessive mutation in a single gene (second filial gen-

eration, CKD = 13, non-CKD = 39, χ2 = 0.00, P $ 0.97; backcross 1 generation, CKD = 67, 

non-CKD = 72, χ2 = 0.18, P . 0.05) and inherited as NPHP. The rats with CKD developed 

larger fluid-filled cystic kidneys, higher systolic blood pressure, and anemia, but there were no 

extrarenal cysts and disease did not lead to early pup mortality.

Conclusion: The genetic background of the nonmutant PVG rats does not influence the genetic 

and phenotypic inheritance of CKD from mutant Lewis polycystic kidney rats. A single recessive 

mutation incapacitated the gene, which relaxed its functional constraints, and led to formation 

of multiple cysts in the kidneys of the homozygous mutant rats.

Keywords: recessive mutation, cystic kidney disease, nephronophthisis, systolic blood pressure, 

anemia

Introduction
A few years ago, identification of the genetic basis of inherited human diseases, such as 

cystic kidney disease (CKD), was a painstaking procedure. Initially, it required many 

years of hard work to identify families with the disease for linkage analysis. This was 

followed by endless fine mapping of the loci associated with the disease and sequencing 

the candidate genes until the causative mutation was identified.1 Once the mutation 

was identified, there was also the need to understand the biological pathway that led 

to the development of the disease. However, nowadays the use of animal models for 
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characterization of complex human diseases has progressed 

our understanding of inherited human diseases, allowing us 

new insights into the underlying biology of these disorders.2 

The development of methods for rapid characterization of the 

genes responsible for these diseases has facilitated our under-

standing of the functions of these genes and how mutations in 

the genes interrupt biological pathways, leading to develop-

ment of disease.3 Understanding the biological pathways of 

such diseases will facilitate progress in the development of 

therapeutic interventions to cure and/or prevent them.

In a recent study of autosomal recessive polycystic 

kidney disease (ARPKD) in the Lewis polycystic kidney 

(LPK) rat, the quantitative trait locus responsible for the 

disease phenotype was mapped to chromosome 10q21–q26.4 

The quantitative trait locus was large and contained many 

candidate genes, some of which are important in signal 

transduction, cell growth, cell proliferation, and cell 

differentiation.5,6 Mutations in some of these genes were 

associated with unregulated cell proliferation and cancer.7–9 

After mapping of the quantitative trait locus, a fine mapping 

of the entire rat chromosome 10 was carried out and the 

quantitative trait locus was then refined to a region on rat 

chromosome 10q25.10

Targeted genome capture and next-generation sequenc-

ing of the defined approximately 1.6 Mbp region on 

chromosome 10q25, which harbors the lpk mutation, was 

performed. A novel mutation, R650C substitution, located 

within a G[QRC]LG repeat motif, was identified as the 

cause of ARPKD in the LPK rats. This region localizes 

to a conserved domain of the regulator of chromosome 

condensation 1 (RCC1) in the never in mitosis A (NIMA)-

related kinase 8 (Nek8) gene.10 In previous studies, muta-

tions in the Nek8 gene were associated with development 

of nephronophthisis (NPHP) in human and other animal 

species.11–13 As a result, the ARPKD in the LPK rats is now 

considered a NPHP.

Studies show that NPHP is a chronic interstitial neph-

ropathy, which involves multiple organ systems, and causes 

cystic kidneys, retinitis pigmentosa,14 cerebellar vermis 

hypoplasia, and liver fibrosis.11,15–18 NPHP also leads to end-

stage renal disease.19–22 Through positional cloning, many 

of the causative mutations in NPHP have been mapped to 

genes involved in centrosome and cilia function.23 Recently, 

positional cloning of the nine genes (NPHP1–NPHP9), 

and functional characterization of their encoded proteins 

(nephrocystins), have contributed to a unifying theory that 

defines cystic kidney diseases as ciliopathies.16 This theory is 

based on the finding that all the proteins of the mutated genes 

in CKD, in human and animal models, are expressed in the 

primary cilia or centrosomes of renal epithelial cells.21

Many of the ciliopathies described display multiple organ 

involvement, with the kidneys and retina being the most com-

monly affected.23 Furthermore, it was established that primary 

cilia are sensory organelles that connect mechanosensory, 

visual, and other stimuli to mechanisms of epithelial cell 

polarity and cell cycle control.24,25 Because of this, cilia are 

central to perception of the physical environment through 

detection of diverse extracellular signals, such as growth 

factors, chemicals, light, and fluid flow.19 Recently, research 

has established that mutations in Nek8 genes, which are 

involved in the development of NPHP, also cause defects in 

mechanisms that involve noncanonical Wnt signaling and 

the sonic hedgehog-signaling pathways,23,24,26,27 resulting 

in defects of planar cell polarity and tissue maintenance.28 

These findings imply that mutations in NPHP involve many 

organs in disease presentation, resulting in retinal degenera-

tion, cerebellar hypoplasia, liver fibrosis, situs inversus, and 

mental retardation.16

Since the emergence of ARPKD, many murine mod-

els have been studied to understand its causes and how it 

progresses.29–32 Of all the models, the polycystic kidney (pck) 

rat presents with phenotypes that resemble human CKD 

phenotypes.33,34 In the current study, a spontaneous mutation 

in a colony of Lewis rats occurred at the Animal Resources 

Center of Western Australia, and this caused development 

of CKD, as previously described.4 Mating experiments 

between pups with CKD produced all progeny with CKD, 

and this colony is now referred to as the LPK rat.4,35 It is 

now confirmed that CKD in the LPK rat is an NPHP and the 

mutation has been located in the Nek8 gene. However, it is 

not understood why the disease does not involve multiple 

organs or cause early pup death.

Therefore, the aim of this study was to determine if the 

genetic background of Piebald-Virol-Glaxo (PVG/Seac-/-) 

female rats influences genetic and phenotypic inheritance 

of NPHP from mutant male LPK rats. This is important 

because recent findings indicate that susceptibility to CKD 

in the mutant pck rat is attenuated by the genetic background 

of Fawn-Hooded hypertensive rats.36 Attenuation of genetic 

causes of a disease due to genetic alteration in the mutant 

rat implies that genetic modifier loci from the Fawn-Hooded 

hypertensive rat interfere with genetic expression of CKD.

Materials and methods
In this study, mutant male LPK rats were mated with 

nonmutant female PVG and Wistar Kyoto (WKY) rats to 
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produce second filial and backcross 1 progeny, respectively. 

The progeny with cystic kidneys and those without cystic 

kidneys were identified. Systolic blood pressure and blood 

chemistry measurement and histological examination of the 

kidneys, liver, and pancreas was performed, as described 

in detail below. PVG rats, like WKY rats, were used in 

the study because both strains are genetically distant from 

LPK rats.

Background
A colony of Lewis (LEW/SsNArc-/-) rats spontaneously 

developed enlarged cystic kidneys at the Animal Resources 

Center of Western Australia. Mating experiments between 

male and female progeny with enlarged cystic kidneys pro-

duced 100% pups with bilaterally enlarged fluid-filled cystic 

kidneys.4,35 However, there were no extrarenal cysts and the 

disease did not cause pup death. This colony is now known 

as the Lewis polycystic kidney (LPK/SsNArc+/+) rat.

Mating experiments
Three mutant male LPK/SsNArc+/+ rats were mated with 

five nonmutant PVG/Seac-/- and seven Wistar Kyoto (WKY/

NArc-/-) female rats to produce first filial generations. Seven 

male and seven female rats from the heterozygote LPK/PVG 

F1 progeny were mated and produced 52 pups in the second 

filial generation. Fifteen female rats from the heterozygote 

LPK/WKY F1 progeny were mated with the three parent 

LPK male rats and produced 139 pups in the backcross 

1 generation. All the animals were kept on a 12-hour light/

dark cycle and had free access to the same food and water. 

The experiments were performed in accordance with the 

guidelines of the animal ethics committees of Murdoch Uni-

versity (Murdoch, WA, Australia) and the Animal Resources 

Center of Western Australia.4,35

Phenotypic trait analysis
The progeny were earmarked and recorded and each was 

palpated once every week from immediately after birth 

until euthanasia to determine which rat had developed 

enlarged cystic kidneys. Enlarged kidneys were confirmed 

on euthanasia and the presence of cysts was established on 

histological examination of the kidneys. Systolic blood pres-

sure was measured when the rats were 12 weeks old using 

the tail-cuff method (NIBP Controller, ADI Instruments, 

Castle Hill, Australia). Three measurements were taken, and 

the average measurement was used in statistical analysis. 

However, it has been decided that telemetry will be used in 

future studies to measure systolic blood pressure.4,35

Euthanasia
The rats were euthanized using a carbon dioxide and oxygen 

gas mixture in proportions of 80:20, respectively. After 

euthanasia, the rats were weighed and their mass recorded 

in grams. Blood was removed by cardiac puncture into 

lithium-heparin tubes. The rats were opened on the ventral 

side along the linear alba and the kidneys and sections of 

liver and pancreas were removed. Each kidney was weighed 

and the mass was recorded, and the kidneys and sections 

of the liver and pancreas were fixed in 4% formaldehyde 

solution.4,35

Packed cell volume
Packed cell volume was determined in 2 mL blood samples 

at the Department of Pathology, Murdoch University, 

using the microhematocrit technique and a hemocentrifuge 

(Haeraeus Biofuge, Randox Laboratories Ltd, Crumlin, UK) 

according to the manufacturer’s instructions, as previously 

described.4,35

Blood chemistry
Plasma total solid protein was estimated using ethylenediamine 

tetra-acetic acid and a refractometer (Randox Laboratories 

Ltd) according to the manufacturer’s instructions. To 20 μL 

of samples, blank and standard solution were added 1000 μL 

of Pyrogallol red. This was mixed and incubated at 37°C for 

5 minutes. The absorbance of the samples (A
sample

) and the 

standard (A
standard

) was measured against the reagent blank at 

a 600 nm wavelength using a spectrophotometer. The protein 

concentration was calculated as:

	 Protein concentration (g/L) = A
sample

 × [standard]/A
standard

where [standard] is the concentration of the standard solution 

in g/L, A
sample

 is the absorbance of the sample, and A
standard

 is 

the absorbance of the standard solution.

Plasma creatinine was determined as follows: sodium 

hydroxide and picric acid were added to 20 µL samples as 

per the instructions provided by the manufacturer (Randox 

Laboratories). Creatinine, in the presence of sodium hydroxide 

solution, reacts with picric acid to form a colored complex. 

The rate of formation of the complex was measured using a 

colorimetric method. Plasma urea was measured on a Randox 

Daytona and the reaction was catalyzed by urease enzyme 

(Randox Laboratories Ltd). The ammonia produced during 

the reaction combined with α-oxoglutarate and hydrogenated 

nicotinamide adenine dinucleotide (NADH), in the presence 

of glutamate dehydrogenase, to yield glutamate and NAD+. 
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The NAD+ produced was measured in µmol/L using an ultra-

violet method, as previously described.4

Histological examination of tissues
Histological examination of the sections of kidney, liver, and 

pancreas was carried out at the Department of Histology, 

Murdoch University. The tissues were paraffin-embedded 

and sectioned (4  µm thickness) using a microtome. The 

sections were fixed on glass slides, stained with hematoxylin 

and eosin, viewed by light microscopy, and the images were 

digitalized using a camera (Olympus, Perth, Australia), as 

described elsewhere.4,35

Statistical analysis
Statistical analysis was carried out using the Statistical Pack-

age for Social Sciences version 16 (SPSS Inc, Chicago, IL, 

USA). Two-way analysis of variance and multiple comparison 

tests with post hoc analysis of the combined male and female 

data sets were carried out and statistical significance was 

considered at P , 0.05, unless otherwise stated.

Results
Segregation ratios showed inheritance of a recessive mutation 

in a single gene (Table 1). The cysts were only found in the 

kidneys of CKD rats (Figure 1). Blood chemistry (Table 2) 

showed that the cysts in the kidneys led to deterioration of 

kidney function. As a result, the kidneys were unable to regulate 

the concentrations of total solid protein (g/L), pseudouridine 

(mmol/L), and plasma creatinine (mmol/L). However, there 

were no significant differences in concentrations in the non-

mutant or mutant rats between second filial and backcross 1 

progeny. The percentage kidney/body weight did not vary 

significantly in either the nonmutant or mutant rats in either the 

second filial or backcross 1 progeny, which suggests that there 

are no modifier loci in the background strain with significant 

effects on the disease phenotypes. The increase in systolic 

blood pressure and decrease in packed cell volume strongly 

suggest that kidney deterioration due to development of cysts 

caused the changes in these phenotypic traits. The effect of 

genetic mutation (Figure 2) at RCC1 on the Nek8 gene located 

Table 1 Number of rats with and without cystic kidneys and 
Chi-square statistics

Generation Progeny E O Ratio χ2 P-value

F2 52 13 13 1:03 0 $ 0.97
BC1 139 70 67 1:01 0.2 . 0.05

Abbreviations: F2, second filial generation; BC1, backcross 1 generation;  
E, expected number of rats with CKD; O, observed number of rats with CKD;  
χ2, Chi-square values; CKD, cystic kidney disease.

Figure 1 Microscopic anatomy of kidneys from a backcross 1 rat. 
Notes: The kidney on the left has not developed cysts, while the kidney on the right 
has developed cysts. The star shows the cysts, which coalesce to form larger cysts. 
Magnification 400×.

in chromosome 10q25 led to a series of interconnected events, 

each being a consequence of the occurrence of the first event.

Discussion
This study demonstrates that the genetic background of 

female PVG rats does not influence the expression of NPHP 

phenotypes. This discovery contradicts previous findings 

where an epistatic interaction between alleles of the modify-

ing background and environmental factors attenuated CKD 

phenotypes in other mutant murine models.37–40 Percentage 

kidney/body weight and other phenotypes are not signifi-

cantly different in the mutant second filial and backcross 1 

progeny. This confirms that there are no modifier loci in the 

background strain to influence the disease phenotypes.

Unlike the known forms of NPHP, which are character-

ized by multiple organ involvement,41,42 the cysts in this 

model are consistently localized to the kidneys only. The 

segregation ratios of 3:1 in the second filial and 1:1 in the 

backcross 1 progeny (P . 0.05) strongly support the ratios 

for inheritance of traits controlled by a recessive trait in 

single gene.4,43,44 These ratios also show that there are no 

genetic modifier loci in the nonmutant background strains 

with a strong epistatic interaction capable of modulating 

the effects of the causative gene and altering expression of 

the disease phenotypes. Therefore, this finding highlights 

how genetic mutations in different genetic loci lead to 

development of CKDs, most of which present with similar 

phenotypes. This finding also suggests that there must be at 

least one converging point in the disease pathways shared 

by mutations in genes that leads to development of different 

types of ciliopathy. This converging point, if identified, will 

result in identification of therapeutic intervention strategies 

which may inhibit progression of ciliopathies.

Most CKDs, including polycystic kidney disease,45 Joubert 

syndrome,42 Senior-Løken syndrome,46 and NPHP16,21 are dis-

orders that are considered in the spectrum of ciliopathies.1,47 

The phenotypic expression of these diseases is influenced by 
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Table 2 Phenotypes of F2 and BC1 generations showing mean values for TSP, PU, PC, PCV, and %RK/BW in non-CKD and 
CKD rats

F2 Generationα BC1 Generationα

non-CKD 
(n = 39)

CKD 
(n = 13)

non-CKD 
(n = 72)

CKD 
(n = 67)

TSP (g/L) 68.54 ± 0.43 62.71 ± 0.96* 69.02 ± 0.63 63.00 ± 0.71*
PU (mmol/L) 05.66 ± 0.13 09.10 ± 0.70** 05.76 ± 0.15 10.56 ± 0.49**
PC (mmol/L) 61.63 ± 0.75 66.24 ± 2.23* 59.64 ± 0.92 66.41 ± 1.63*
PCV (L/L) 0.49 ± 0.01 0.38 ± 0.02* 0.50 ± 0.01 0.40 ± 0.01*
%RK/BW 0.80 ± 0.02 4.57 ± 0.44*** 0.81 ± 0.02 4.55 ± 0.28***
SBP (mmHg) 116.0 ± 1.50 165.0 ± 3.50*** 116.0 ± 1.70 167.0 ± 2.90***

Notes: Data are presented as the mean ± standard error of the mean, *P , 0.01, **P , 0.001, ***P , 0.0001. n, number of rats in each group; α, comparison of parameters 
of non-CKD and CKD rats. 
Abbreviations: CKD, cystic kidney disease; TSP, total solid protein; PU, plasma urea; PC, plasma creatinine; PCV, packed cell volume; SBP, systolic blood pressure;  
%RK/BW, percentage relative kidney/body weight; F2, second filial generation; BC1, backcross 1 generation.
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Figure 2 Domino effect resulting from mutation in the Nek8 gene. 
Notes: Mutation in regulator of chromosome condensation 1 on the Nek8 gene located on rat chromosome 10q25 incapacitated the gene and led to relaxation of the 
functional constraints. This led to formation of cysts in the renal nephrons. Fluids accumulated in the cysts, which led to end-stage renal disease.

the genetic background of nonmutant parents.36,38,48 However, 

in this study, it is established that the genetic background of 

the female PVG rat does not influence the phenotypic expres-

sion of NPHP. This finding is consistent with earlier findings 

that nonmutant Brown-Norway and WKY female rats do not 

significantly influence expression of the disease.4

In both the previous study4 and in the current study, the 

heterozygous first filial populations did not develop NPHP. 

Loss of expression of disease phenotypes in the first filial 

progeny suggests that the lpk locus was recessive and it must 

be a homozygote to show its effects. Consistent with this, 

a recessive mutation in a single gene was identified as the 

cause of ARPKD4 and the mutated gene was later identified 

as Nek8.10 Previously, a mechanism leading to development 

of NPHP was proposed.13 However, this mechanism leads 

to multiple organ involvement, and did not occur in this rat 

model. The lack of multiple organ involvement makes us 

wonder whether mutations in the Nek8 genes really have 

any link with mutations in Pkhd-1, and whether or not the 

biological disease pathways share at least one common 

pathway when mutations occur in Nek8 or Pkhd-1 genes. 

Enlargement of the kidneys resulted in increased systolic 

blood pressure, deterioration of kidney function, develop-

ment of anemia, and loss of kidney homeostatic function in 

all the rats with cystic kidneys. However, unlike other rat 

models studied previously,29,49,50 disease in this model did 

not cause early pup death.

In human studies, infants with NPHP suffer from pulmo-

nary hypoplasia and most die early in life.51 In the present 

study, there were no early pup deaths, indicating that the 

mutant progeny did not suffer from pulmonary hypoplasia. 

This finding also suggests that the mutation in the Nek8 

gene may not share the same biological pathway as other 

mutations on the same gene or Pkhd-1 gene. Furthermore, 

patients with ARPKD or NPHP develop extrarenal cysts in 

the liver, spleen, pancreas, and other extrarenal organs.47 

Although ciliopathies are characterized by intrafamilial and 

interfamilial phenotypic variability, which arise as a result 
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of mutations in the genes necessary for functioning of the 

primary cilia in different organs, and therefore give rise 

to dramatically different phenotypes,52 this alone does not 

explain the markedly different clinical outcomes in this study. 

These different clinical outcomes will cause a dramatic shift 

in the clinical management options for NPHP.

All the rats with cystic kidneys developed higher systolic 

blood pressure than their age-matched counterparts without 

cystic kidneys, and this is a common feature of every patient 

and animal model with cystic kidneys.53 Increased systolic 

blood pressure precedes end-stage renal disease. This is 

similar to the development of higher systolic blood pressure 

in humans with cystic kidneys, as previously described.54 

However, the mechanism of development of higher systolic 

blood pressure because of NPHP is not well understood. 

However, stimulation of the renin-angiotensin-aldosterone 

system and increased sympathetic activity are suggested to 

influence changes in systolic blood pressure in all individuals 

with cystic kidneys.55

In clinical studies, measurement of plasma protein, urea, 

creatinine, and packed cell volume in patients with kidney 

disease is important to be able to predict the effects of the 

disease on homeostatic function of the kidney and, therefore, 

development of anemia.56,57 It is now established that the cysts 

have negatively impacted on the functions of the nephrons 

and the associated renal cells. Previously, anemia was found 

to be a result of reduction in red blood cell mass or hemo-

globin concentration or both, but the reason for this was not 

clear.58 In this study, decreased packed cell volume was a 

consequence of deterioration of kidney function.

Therefore, this study provides irrefutable evidence that, 

unlike the reported cases of genetic modification of cystic 

kidneys in other models,38,40,48,59–61 the genetic background of 

the PVG rat does not influence the genetic and phenotypic 

inheritance of NPHP from the mutant LPK rat. Without 

doubt, this study validates earlier findings that a recessive 

mutation in a single gene is the cause of CKD in the LPK 

rat. The mutation was later localized to RCC1 on the Nek8 

gene.10 This mutation incapacitated the gene and caused 

relaxation in functional constraints, with a “domino” effect.14 

However, unlike other mutations on the same gene, which 

cause multiple organ defects, our study has consistently 

produced mutant rats with no extrarenal cysts and no early 

pup death.

We have shown that the genetic background of the 

PVG rat does not influence the phenotypic inheritance of 

CKD in this model. However, we are aware that some weak 

genotype-phenotype variations exist because of mutations 

at certain single genetic loci. Because of this, the nature and 

strength of mutational effects on protein function will con-

tinue to vary. This variation will only be understood when 

the disease pathways are identified. Therefore, a concerted 

effort should be made to identify the pathway involved in 

the pathogenesis of NPHP in this rat model. In this way, we 

will be able to identify therapeutic interventions to manage 

NPHP. Therefore, any attempt to address these limitations 

will be important in the clinical management of NPHP.
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